Recently, much attention has been attracted by the abundance of duplicate genes in teleost fish (Amores et al. 1998; Wittbrodt, Meyer, and Schartl 1998) . It has been suggested that this abundance reflected an ancestral genome duplication and that it may be related to the great diversity of this group (Vogel 1998) . Emphasizing the importance of gene duplication in evolution, Ohno (1970) pointed out that at least one of the two copies may become less constrained by selection and thus be able to evolve toward a new function. Hughes and Hughes (1993) tested this hypothesis in the recent tetraploid Xenopus laevis and showed that both duplicate copies evolve at the same rate, with evidence of negative selection on both.
Our aim was to characterize whether duplicated genes have allowed a further exploration of the adaptative landscape in teleost fish and mammalian genomes. For this, we compared all genes for which at least one duplication was characterized either in a teleost fish or in a eutherian mammal. Although pseudogenes are relevant to the overall duplication rate, they do not participate in an eventual adaptative role of gene or genome duplication. Since we were interested here in functional evolution, we did not take into account duplications which clearly led to the formation of pseudogenes. This was done by the exclusion in the HOVERGEN database (Duret, Mouchiroud, and Gouy 1994) of all sequences explicitly declared to be pseudogenes.
For each of these genes, we compared rates (1) between the two duplicated copies, as in Hughes and Hughes (1993) , and (2) between the lineage with the duplication and the lineage without the duplication. Indeed, if gene duplication is followed by a relaxation of selective constraint on genes, the resulting copies should evolve faster than their orthologs in other species which were not duplicated. The second test should be able to detect a decrease in selection on either or both copies, unlike the first. In practice, we build a 2 ϫ 2 contingency table to compare the observed and expected numbers of genes under the hypothesis of independence between the lineage with the duplication and the lineage with the highest substitution rate (mammals or teleost fish).
Genes were recovered from the HOVERGEN database (Duret, Mouchiroud, and Gouy 1994) , allowing for selection of orthologs and of lineage-specific duplications. For rate tests, only genes with a clear outgroup were retained. We thus obtained a data set of 19 genes, of which 5 showed a specific duplication in the mammalian lineage, and 14 showed a specific duplication in the teleost lineage (table 1) . Amino acid sequences were aligned by CLUSTAL W (Thompson, Higgins, and Gibson 1994) and corrected by eye in with Seaview (Galtier, Gouy, and Gautier 1996) . DNA sequences were not directly used, as synonymous substitutions were saturated over the evolutionary distances we considered. Phylogenetic analyses were done with Phylowin (Galtier, Gouy, and Gautier 1996) using neighbor joining (Saitou and Nei 1987) with Poisson-corrected distances. Rates were compared between lineages using the relative-rate test on all available sequences (Wilson, Carlson, and White 1977; Robinson et al. 1998) , with a Poisson correction for multiple substitutions, implemented in RRTree (Robinson-Rechavi and Huchon 2000) . Although the relative-rate test normally relies on an assumption of constant rates over time, the test remains valid under a fractal model of rate variation over time (Bickel 2000) . In any case, we were interested in testing whether or not observed rates variation are linked to gene duplications, and random error eventually linked to nonconstant evolution rates may introduce some noise but probably not a systematic bias.
Four genes out of 19 exhibited significant rate differences between the two (or more) duplicate genes at the 5% level (table 1), but none exhibited such differences at the 0.26% level (5%, 19 repetitions), which should be used to take into account test repetition. If indeed duplication releases protein evolution, we expect faster evolution in the lineage in which the duplication happened; it is immediately apparent from table 2 that there is no relationship between gene duplication and evolution rate. Indeed, the expected numbers of genes in each category are almost identical to those expected by chance: evolution is not faster for duplicated genes.
As expected under the ''more genes in fish'' hypothesis (Wittbrodt, Meyer, and Schartl 1998) , there were more duplicated genes in the fish lineage than in the mammalian lineage. A less expected result was that most genes by far (16/19) had higher rates in fish than in mammals, irrespective of duplication, including in the five cases where the test was significant at the 5% level. Choosing mice to represent mammals, and zebrafish to represent teleost fish, we concatenated all genes, choosing one copy randomly every time there was a duplication. With this alignment of 7,483 amino acids, the zebrafish lineage evolved very significantly faster than the mouse lineage (rate difference ⌬K ϭ 0.058 Ϯ 0.009, significant at a 10 Ϫ7 threshold), even though genes are known to evolve faster in murids than in other mammals NOTE.-Values in the table are the numbers of genes meeting the requirements of the category. For example, there is one gene with a specific duplication in mammals and a higher substitution rate in mammals than in fish. In parentheses, the number of significant rate differences at the 5% level between the two lineages (mammales and fish) is shown. The number of expected genes in each category is calculated treating this as a contingency table under the hypothesis of independence between the lineage with the duplication and the lineage with the highest substitution rate. (Wu and Li 1985) . This clearly confirms that genes evolve faster in fish than in mammals.
Various life history parameters have been suggested to correlate with substitution rate, but metabolic rates (Martin and Palumbi 1993) are clearly lower in fish than in mammals, while it is hardly possible to define generation time (Wu and Li 1985) over groups as vast as mammals and teleost fish. The main hypothesis to explain the origin of so many duplicate genes in teleost fish is an ancestral genome duplication (Amores et al. 1998) . However, systematic phylogenetic analysis leads us to propose rather a model of many independent gene or chromosome duplications (data not shown). This is consistent with a proposed model of frequent single hox cluster duplications and losses (Stellwag 1999) . Spliceosomal introns also appear to have been gained many times independently in different fish lineages (Venkatesh, Ning, and Brenner 1999) . Thus, high substitution rates are probably another manifestation of the dynamism of fish genomes, and it seems that, genetically at least, fish are anything but ''primitive'' vertebrates.
There does not appear to be any specific relaxation of selection on duplicate genes leading to higher rates of evolution and thus further exploration of the adaptive space. Hughes (1994) suggested that after duplication, both copies retain the same activity but gain different specificities, notably in their regulation. An alternative model is that duplication allows divergence of a few otherwise highly constrained amino acids, leading to functional divergence. Although no systematic study seems to have been conducted, most experimental results for fish indicate that divergence of duplicate genes in fish affects expression patterns more than protein activity, in support of Hughes' model. 
